Hybrid genes containing the 5' region of Drosophila heat shock protein (hsp) genes, ligated to the herpesvirus thymidine kinase (tk) gene, were transfected into Drosophila line S3 cells. Constructions containing sequences upstream from hsp7O, or from any of the small hsp genes, showed heat-inducible tk expression. Ecdysterone-inducible tk expression was seen only in transfections with small hsp-tk hybrid genes. Plasmids containing a synthetic "heat shock consensus sequence" or a deletion of the hsp23 upstream region were totally inactive in transfection studies.
The small heat shock protein (s-hsp) genes of Drosophila, designated hsp22, hsp23, hsp26, and hsp27, are expressed in response to high temperature shock (1) and at two points in development. During pupation, all four of the genes are transcribed and translated in imaginal discs (2, 3) . During oogenesis, both hsp26 and hsp27 are expressed in ovarian nurse cells (4) . The expression of the four s-hsp genes can also be induced in vitro in both established tissue culture cell lines and in immature imaginal discs (2, 5) by treatment with physiological concentrations of the molting hormone, ecdysterone.
Our finding of regulated gene expression by two independently acting stimuli raises several questions at the molecular level. Among these is whether recognition and binding of the ecdysterone-receptor complex (6, 7) and of the endogenous factor(s) implicated in heat shock induction (8, 9) occur at the same upstream regulatory site.
We have recently developed a functional assay for analyzing s-hsp gene regulation in a homologous transient expression system (10) . Initial studies, using a cloned gene that specifies an electrophoretic hsp22 gene variant, demonstrated that the transfected gene could rapidly acquire the normal pattern of heat shock regulation. We now describe experiments designed to examine the regulated expression of hybrid genes containing upstream promoter regions from each of the s-hsp genes ligated to the herpesvirus thymidine kinase (tk) gene. We find that these hybrid genes acquire both heat shock induction and ecdysterone induction. Preliminary results on the nature and location of these regulatory sites are discussed.
METHODS AND MATERIALS
Cell Culture and Transfection. Drosophila line S3 cells were cultured in Schneider's medium (GIBCO) supplemented with 10% fetal bovine serum (GIBCO) at 25°C. Ecdysterone-insensitive line F6 cells were grown in ZH1 medium (11) . For transfection, 37 ,tg of CsCl-purified plasmid DNA (12) was added as a CaCl2 coprecipitate (13) to each 75-cm2 flask of confluent cells in 10 ml of medium. For heat shock, the flasks were floated in a 370C water bath for 1 hr after a 24-hr transfection. In hormone studies, 6 hr after transfection began, ecdysterone (Calbiochem) was added to 1 uM final concentration, and the flasks were cultured for an additional 24 hr at 250C.
Slot Blot Analysis. Total RNA was recovered from cells by using the guanidine-HCl/CsCl method (14) with the addition of a DNase digestion step (13) . Aliquots of RNA (1-10 pug) were analyzed by slot blot (Schleicher & Schuell) hybridization, using standard procedures for nick-translation (15) to prepare labeled DNA probes, and they were analyzed for RNA blot hybridization on nitrocellulose filters (16, 17) . Slot blot analysis is identical to dot blot analysis (16) , but it utilizes a filtering set-up that binds RNA onto a narrow strip of nitrocellulose. S1 Nuclease Mapping. S1 nuclease mapping of RNA was carried out by using 50-100 ,tg of total cell RNA hybridized to 20-50 ng of 5'-end-labeled [32P]DNA probe. Standard conditions (12) for hybridization at 600C, S1 nuclease (Boehringer) digestion, and electrophoresis in 2% alkaline agarose or 5% acrylamide/7 M urea denaturing gels, were used.
RESULTS
Heat Shock Regulation. The plasmids used in this study each contain the upstream region of a Drosophila hsp7O, hsp22, hsp23, hsp26, or hsp27 gene, ligated to the herpesvirus tk gene. The hybrid plasmids are designated pF1, 22KE, 23RKE, 26RKE, and 27KE, respectively. Their structures are diagrammed in Fig. 1 , and the details of their construction are found in Pelham's work (18) (19) (20) (21) . Each plasmid was used for transfection into Drosophila line S3 cells, and 24 hr later total cell RNA was analyzed for constitutive and heatinducible tk expression by slot blot hybridization to detect tk transcripts. Endogenous hsp7O transcription was also analyzed to be certain that the heat shock was effective and to monitor any stress response elicited by transfection or subsequent manipulation.
The results, summarized in Fig. 2 induction (data not shown).
Two additional plasmids were tested for heat shock induction. The plasmid TSK1 (Fig. 1) (Fig. 3) and that hsp7O transcription was not (Fig. 4) fected with hsp-CAT-1 plasmid DNA (13) . The hsp-CAT-1 plasmid contains an hsp7O promoter that drives the heatinducible expression of chioramphenicol acetyltransferase (CAT) activity. We found that while tk transcription was not induced by heat shock, CAT activity was, indicating that 23AKE plasmid DNA was being taken up by the cells.
Ecdysterone-Insensitive Cells. The selected cell line, F6 (11) , is unresponsive to ecdysterone by all criteria tested. While S3 cells are induced to enter mitotic arrest within 24 hr after ecdysterone addition, F6 cells continue normal proliferation (22) . F6 cells also fail to show ecdysterone-induced acetylcholinesterase activity, which occurs to high levels in the unselected parent line (23). Finally, s-hsp synthesis is not induced (2, 5). Ireland et al. (2) subsequently showed that F6 cells contain very low levels of ecdysteroid receptor activity, which apparently leads to the ecdysterone-insensitive phenotype.
To determine whether a s-hsp-tk plasmid that shows regulated tk transcription in S3 cells has the same phenotype in a cell line lacking hormone receptor, F6 cells were transfected with plasmid 27KE DNA. Aliquots of cells were then exposed to either 25°C, 37°C for 1 hr, or 1 ,uM ecdysterone for 24 hr, and total RNA was extracted. The results of slot blot analysis are summarized in Fig. 5 . We found that in F6 cells tk transcription is induced by heat shock but not by ecdysterone. The conclusion is that ecdysteroid receptor activity is required for ecdysterone responsiveness; it is not required for the heat shock response. S1 Nuclease Mapping. S1 nuclease mapping was performed in order to locate transcript initiation sites. Transfection with pFl should lead to a tk transcript initiated within the tk gene, because the proximal end ofthe hsp7O promoter region in this plasmid is at nucleotide -12. A 484-base-pair (bp) Ava II fragment was isolated from the plasmid TKS1 (Fig. 6A) . If initiated correctly, the heat-induced tk mRNA from TKS1 and from pF1 should hybridize with, and protect from S1 nuclease digestion, a region 279 nucleotides long (Fig. 6) . Results presented in Fig. 6 show that a fragment of predicted length was found when the RNA from transfected and heat shocked cells was used, but not when RNA was obtained from transfected cells kept at 25°C. This type ofgel, however, does not allow the determination of precise nucleotide position.
A similar analysis was done by using an 836-bp Sal I/Ava II fragment from the plasmid 22KE (Fig. 6C ). Based on previous mapping studies (24, 25) , correct initiation would result in a hybrid transcript that would protect from S1 nuclease digestion a 437-nucleotide long fragment of the 5'-end-labeled template strand. Results summarized in Fig. 6 show that a fragment of expected size is found when RNA from either heat shocked cells or from ecdysterone-treated cells is used. The resolution of the gel system used could not detect a difference of 5 nucleotides or less, so our conclusion that the same initiation site is used in both responses is tentative. (26, 27) , by "footprint" analysis (28) (29) (30) , and by the identification of a so-called hsp consensus sequence (18 (13, (31) (32) (33) (34) (35) (36) (37) . Some work has been reported recently on hsp27 gene regulation in whole animals (38) , but no study has specifically examined ecdysterone induction.
We have looked at the behavior of a set of hsp.-tk hybrid plasmids that were originally constructed by Pelham 
